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ABSTRACT
Mutations in the TBK1 (TANK binding kinase 1) gene are causally linked to amyotrophic lateral sclerosis (ALS)
and frontotemporal dementia (FTD). TBK1 phosphorylates the cargo receptors OPTN and SQSTM1 regulating
a critical step in macroautophagy/autophagy. Disruption of the autophagic flux leads to accumulation of
cytosolic protein aggregates, which are a hallmark of ALS. hiPSC-derived TBK1-mutant motoneurons (MNs)
showed reduced TBK1 levels and accumulation of cytosolic SQSTM1-positive aggresomes. By screening
a library of nuclear-receptor-agonists for modifiers of the SQSTM1 aggregates, we identified 4-hydroxy-
(phenyl)retinamide (4HPR) as a potent modifier exerting detrimental effects on mutant-TBK1 motoneurons
fitness exacerbating the autophagy overload. We have shown by TEM that TBK1-mutant motoneurons
accumulate immature phagophores due a failure in the elongation phase, and 4HPR further worsens the
burden of dysfunctional phagophores. 4HPR-increased toxicity was associated with the upregulation of
SQSTM1 in a context of strongly reduced ATG10, while rescue of ATG10 levels abolished 4HPR toxicity.
Finally, we showed that 4HPR leads to a downregulation of ATG10 and to an accumulation of SQSTM1+

aggresomes also in hiPSC-derived C9orf72-mutant motoneurons. Our data show that cultured human
motoneurons harboring mutations in TBK1 gene display typical ALS features, like decreased viability and
accumulation of cytosolic SQSTM1-positive aggresomes. The retinoid 4HPR appears a strong negative
modifier of the fitness of TBK1 and C9orf72-mutant MNs, through a pathway converging on the mismatch
of initiated autophagy and ATG10 levels. Thus, autophagy induction appears not to be a therapeutic strategy
for ALS unless the specific underlying pathway alterations are properly addressed.

Abbreviations: 4HPR: 4-hydroxy(phenyl)retinamide; AKT: AKT1 serine/threonine kinase 1; ALS: amyo-
trophic lateral sclerosis; ATG: autophagy related; AVs: autophagic vesicle; C9orf72: chromosome 9 open
reading frame 72; CASP3: caspase 3; CHAT: choline O-acetyltransferase; CYCS: cytochrome c, somatic;
DIV: day in vitro; FTD: frontotemporal dementia; FUS: FUS RNA binding protein; GFP: green fluorescent
protein; hiPSCs: human induced pluripotent stem cells; MAP1LC3/LC3: microtubule associated protein 1
light chain 3; MNs: motoneurons; mRFP: monomeric red fluorescent protein; MTOR: mechanistic target
of rapamycin kinase; NFE2L2/NRF2: nuclear factor, erythroid 2 like 2; RARA: retinoic acid receptor alpha;
SLC18A3/VACHT: solute carrier family 18 (vesicular acetylcholine transporter), member 3; SQSTM1/p62:
sequestosome 1; TBK1: TANK binding kinase 1; TEM: transmission electron microscopy
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Introduction

TBK1 (TANK binding kinase 1) is a serine-threonine kinase
that has been initially identified as a regulator of the NFKB
pathway, through TRAF2-MAP4K4/NIK-IKK complex [1].
More recently, TBK1 has been found to regulate cell survival
by directly phosphorylating and activating AKT [2] and
through the control of proteostatic (degradative) mechanisms.
In fact, TBK1 regulates the autophagic flux and cargo selec-
tion by phosphorylating the autophagic receptors OPTN
(optineurin) and SQSTM1/p62 (sequestosome 1), providing
a crucial regulatory step in in the recruitment of the ubiqui-
tinated cargo at the forming autophagosome [3,4].

Mutations in TBK1 have been associated with several
human diseases: heterozygous loss-of-function mutations
have been linked to a juvenile form of herpes simplex ence-
phalitis [5], whereas an increased copy number of the TBK1
gene has been associated with a rare subtype of glaucoma [6].
Most notably, two recent studies have identified TBK1 as
a novel amyotrophic lateral sclerosis (ALS) and frontotem-
poral dementia (FTD) causative gene [7,8]. Additional TBK1
mutations characterized by strong penetrance have been dis-
closed in distinct cohorts of ALS and FTD patients [9–12].

The pathogenic mechanisms linking TBK1 mutations to
the clinical phenotype of motoneurons (MNs) disease are
poorly understood. TBK1 haploinsufficiency has been
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hypothesized to be sufficient to generate a pathologic pheno-
type associated with autophagy impairment in vivo [8]. In
particular, mutations or deletion of the kinase domain and
of the coiled-coil domain 2 (TBK1 is composed by a kinase
domain [KD] located at its N terminus, a ubiquitin-like
domain [ULD] and 2 coiled-coil domains [CCD1 and
CCD2]) [13], which directly mediate the interaction with
and the phosphorylation of SQSTM1 and OPTN, are suffi-
cient to prevent the recruitment of these two proteins. As
a consequence, this slows down the autophagic clearance of
damaged mitochondria [4,8,14]. In fact, siRNA-mediated
TBK1 depletion is sufficient to cause incomplete autophago-
somal maturation [15].

Taken together, these findings suggest that reduced levels
of TBK1 protein, as well as loss-of-function mutations, might
lead to a less efficient autophagy and to the toxic accumula-
tion of protein aggregates and damaged organelles. In fact,
post-mortem tissues from ALS patients carrying TBK1 muta-
tions display accumulation of SQSTM1 and TARDBP/TDP-43
aggregates in cortical neurons and spinal MNs [8,16]. The
same aggregates are shared also by patients carrying muta-
tions in other ALS-causing genes as well as by sporadic
patients [17], suggesting that TBK1 mutations may trigger
pathogenic cascades common to the majority of ALS cases.

We set out to identify and modify TBK1-dependent patho-
genic pathways by exploiting patient-related, hiPSC-derived
MNs and by screening small-molecules modifiers of TBK1-
associated autophagy abnormalities, with the goal of further
understanding and eventually circumventing the molecular
defects leading to MN degeneration.

Results

TBK1 haploinsufficiency and increased neuronal loss in
TBK1-mutant MNs

In order to elucidate the pathogenic cascades linking TBK1
mutations to ALS pathogenesis, we generated human induced
pluripotent stem cell (hiPSC) lines from 3 ALS patients (out of
the cohort reported by Freischmidt and collaborators [8]) car-
rying different heterozygous mutations in TBK1 gene: 2
patients carried different loss-of-function point mutations,
while the third patient carried an in-frame deletion mutation
(Figure 1(a)). Of note, the patient carrying the 555T>A loss-of-
function mutation carried also a mutation in the ALS-related
FUS gene (p.R524G, mTBK1-FUS line). hiPSC lines were gen-
erated by reprogramming of the patients’ keratinocytes with
a lentiviral polycistronic STEMCCA cassette encoding OCT4,
SOX2, KLF4, and MYC [18]. hiPSC lines maintained the geno-
mic mutations within TBK1 gene (Figure S1(a)), expressed
pluripotency markers (Figure S1(b,c)), had normal karyotypes
(Figure S1(d)) and were ultimately able to spontaneously dif-
ferentiate in the 3 germ layers (Figure S1(e)) [18–21].

We compared TBK1-mutant (mTBK1) hiPSC lines with
cells derived from 2 healthy individuals (CTRL) either pre-
viously generated in our group [21,22] or commercially avail-
able (BioCat). The cell lines CTRL I and mTBK1 I were used
for displaying representative images and experiments.

hiPSCs were differentiated into MNs following the protocol
by Shimojo and coworkers (summarized in Figure S2(a)) [23].
At day in vitro (DIV) 14, hiPSC-derived MNs were immuno-
positive for neuronal and motoneuronal markers (Figure S2(b))
and expressed typical neuronal marker genes. Of note, the
expression of the early neurodevelopmental marker NES (nes-
tin) was undetectable, suggesting that at DIV14 these MNs
were already at a later stage of maturation (Figure S2(c)). In
differentiated cultures, MNs (CHAT+) represented 45.6 ± 1.8%
of all cells, and 80% of the total neuronal cells (evaluated by
CHAT-MAP2 coimmunolabelling; Figure S2(d)). The differen-
tiation efficiency was comparable between genotypes.

In agreement with previous observations [8], mTBK1 MNs
showed a reduction of up to 50% of TBK1 protein levels in
comparison to healthy controls (Figure 1(b)). This reduction in
TBK1 protein did not affect the MNs differentiation and early
development: at DIV14, CTRL and mTBK1 showed compar-
able population of CHAT+ MNs, while the number of mTBK1
MNs dramatically declined in long-term cultures (Figure 1(c)).

TBK1 directly phosphorylates and activate AKT and MTOR,
which are both crucial members of the AKT-MTOR cascade
responsible for the activation, among others, of protein synthesis
and pro-survival pathways [24,25]. Because mTBK1 MNs dis-
played reduced TBK1 protein levels and reduced viability, we
investigated the possible involvement of the pro-survival AKT-
MTOR pathway. We exploited a phospho-antibody array
exploring the activation of the AKT-MTOR signaling cascade
(PathScan® Akt Signaling Array). Out of the 18 targets explored,
we detected a dramatic decrease in the levels of phosphorylated
AKT, PRKAA/AMPKa, MTOR, GSK3A and GSK3B, BAD,
RPS6KA1/RSK1, PTEN, PDK1 and MAPK/ERK in mTBK1
MNs compared to CTRL (Figure 1(d)), suggesting a strong
inhibition of the AKT-MTOR pathway in mutant cells. In agree-
ment with the loss of MNs and the inhibition of pro-survival
mechanisms, already at DIV28 mTBK1 showed increased num-
ber of active CASP3 (caspase 3)-positive MNs in comparison to
healthy CTRL (Figure 1(e)).

mTBK1 MNs accumulate aberrant aggresomes

Since mTBK1 MNs showed decreased viability during long-
term culture, we speculated that accumulation of insoluble
protein aggregates within MNs’ somata might contribute to
the observed decay. In fact, at DIV14 mTBK1 MNs showed
intracellular accumulation of aberrant SQSTM1-positive
(SQSTM1+) aggregates (Figures 2(a) and S3(a)), similar to
those observed in pathological specimens [8].

The burden of SQSTM1+ aggregates did not appear to
increase upon long-term culture (Figure S3(b)), although at
this time point a significant loss of MNs already occurred.
Notably, the aggregates were already detectable at the stage of
undifferentiated hiPSCs (Figure S3(c)).

We then analyzed the nature of SQSTM1+ structures in the
cytoplasm of mTBK1 MNs, in particular focusing on the possibi-
lity that they might represent immature autophagosomes or cyto-
plasmic heterogeneous accumulations of misfolded proteins (as
suggested by Bjørkøy et al [26]). High-pressure freezing transmis-
sion electron microscopy (TEM) highlighted the accumulation of
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membrane-bound structures enclosing unorganized material, free
membranes and debris of cytosolic organelles, with irregular
shape, perinuclear localization (Figure 2(b)) and a size ranging
from 0.200 μm2 up to 4 μm2. We identified these structures as
aggresomes according to current criteria [27,28]. Aggresomes
were only rarely found in MNs from healthy individuals, and
those were never larger than 1 μm2 (Figure 2(bi, bii)).

We then aimed to elucidate the molecular composition of
the SQSTM1+ structures, in order to finely uncover whether
these might correspond to the aggresomes observed in TEM. In

light microscopy experiments the aberrant SQSTM1+ aggre-
gates were positively co-labeled by the aggresome-specific dye
PROTEOSTAT® (Figure 2(c)), and were immunopositive for
the aggresome markers HDAC6 and ubiquitin (Figure 2(d,e))
[29–32]. Taken together, light and electron microscopy data
show that SQSTM1 aggregates are bona fide aggresomes.
Moreover, SQSTM1 aggresomes did not colocalize with
LC3A/B (henceforth LC3) and ATG5, (Figure 2(f,g)), suggest-
ing that SQSTM1+ aggresomes are not efficiently targeted for
autophagic degradation in mTBK1 MNs.

Figure 1. mTBK1 MNs resemble typical features of ALS patients. (a) Table showing the different mTBK1 hiPSC lines derived from ALS patients. (b) Immunoblot
analysis of endogenous TBK1 protein levels in CTRL and mTBK1 MNs at DIV14 (One-Way ANOVA followed by Sidak´s multiple comparisons test: *p < 0.05). (c)
Immunofluorescence labeling of CTRL and mTBK1 MNs against ChAT. From DIV28, mTBK1 show reduced number of CHAT+ cells (two-way ANOVA followed by Holm-
Sidak´s multiple comparisons test *p < 0.05; **p < 0.01). (d) Heatmap showing decreased phosphorylation levels of AKT-MTOR pathway interplayers in mTBK1 MNs
compared to CTRL (two-way ANOVA followed by Holm-Sidak´s multiple comparisons test. AKT Thr308 **p < 0.01; AKT Ser473 **p < 0.01; PRKAA/AMPKa Thr172
**p < 0.01; MTOR Ser2481 **p < 0.01; GSK3A Ser21 **p < 0.01; GSK3B Ser9 **p < 0.01; RPS6KB/p70 S6 kinase Thr241/Ser424 ***p < 0.001; BAD Ser112 **p < 0.01;
RPS6KA1/RSK1 Ser380 **p < 0.01; PTEN Ser380 **p < 0.01; PDK1 Ser 241 **p < 0.01; MAPK1/ERK2-MAPK3/ERK1 Thr202/Tyr202 **p < 0.01). (e) Immunofluorescence
labeling of CTRL and mTBK1 MNs against SLC18A3/VACHT and active CASP3 at DIV28. mTBK1 show increased numbers of SLC18A3/VACHT-CASP3 double-positive
MNs (Mann Whitney test ***p < 0.001). Data information: all the experiments were performed in N = 3 independent replicates, and in (c and e) the lines CTRL I and
mTBK1 I were used as representative of the respective genotypes. Scale bars: 50 μm in (c) and 25 μm in (e). To improve readability, in (b) is displayed only the
statistical comparison between the 2 genotypes. Data are presented as mean ± SEM.
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Figure 2. mTBK1 MNs accumulate cytosolic SQSTM1+ aggresomes. (a) Representative confocal images of CTRL and mTBK1 MNs at DIV14 immunolabeled
against CHAT and SQSTM1. mTBK1 accumulate cytosolic SQSTM1+ structures compared to CTRL (One-Way ANOVA followed by Sidak´s multiple comparisons
test: ***p < 0.001). (b) TEM analysis of cytosolic aggresomes in CTRL and mTBK1 MNs at DIV14. mTBK1 MNs show larger cytosolic fraction occupied by
aberrant aggresomes (displayed in Bi; Mann Whitney test ***p < 0.001). (Bii) Cumulative frequency of aggresomes’ size distribution. (c, d, e, f and g)
Representative confocal single-optical sections of mTBK1 MNs immunolabeled against SQSTM1 and PROTEOSTAT® Aggresome detection kit (Aggresomes – C),
HDAC6 (d), ubiquitin (e), ATG5 (f) and LC3 (g). The SQSTM1-positive structures colocalize with the aggresome markers, but not with the autophagy proteins
ATG5 and LC3. Data information: all the experiments were performed in N = 3 independent replicates, and in (b) the lines CTRL I and mTBK1 I were used as
representative of the respective genotypes. In immunocytochemistry a minimum of n = 90 CHAT+ cells were analyzed. TEM analysis was performed on
a minimum of n = 21 MNs. Scale bar: in (a) is 10 μm, in (b) is 2 μm, in the magnification 1 is 0.250 μm and in the magnification 2 is 0.500 μm. In (g) the scale
bar is 5 μm in the upper row and 1 μm in the lower. To improve readability, in (a) is displayed only the statistical comparison between the 2 genotypes. Data
are presented as mean ± SEM.
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Taken together, these data show that hiPSC-derived
MNs carrying ALS-related TBK1 mutations display patho-
logic phenotypes closely reminiscent of the spectrum
observed in human specimens, namely decreased TBK1
expression and accumulation of SQSTM1+ aggresomes.

Screening of nuclear receptor ligands reveals
4-hydroxy(phenyl)retinamide as an autophagy modifier

In order to gain mechanistic and therapeutic insights into
TBK1-dependent pathogenic features, we screened the effect
of a small-molecule library on the occurrence of accumulation
of cytosolic aggresomes in mTBK1 MNs, focusing on ligands
for nuclear receptors because of their involvement in the
regulation of metabolic events and proteostasis [33]. mTBK1
MNs (DIV14) were treated for 24 h with the different nuclear
receptor ligands, DMSO (0.1% as negative control), or rapa-
mycin (as positive control for autophagy induction); cells
were fixed and the SQSTM1 burden in CHAT+ MNs was
assessed. This initial screening was performed using the
mTBK1 I line (carrying the 358 + 2 T >C loss-of-function
mutation) as representative of the 3 ALS mutants.

Out of 72 compounds tested (complete list in Table S1), 10
produced a significant effect on SQSTM1 burden; in particular,
9 compounds increased the burden of SQSTM1, whereas 1
(paxilline) decreased it (indicated in blue in Figure 3(a)).
Notably, the majority (6 out of 9) of compounds increasing
SQSTM1 burden belong to the family of RARA (retinoic acid
receptor alpha) agonists (indicated in red in Figure 3(a)), and
among them 4-hydroxyphenylretinamide (4HPR) showed the
strongest effect (Figure 3(a)). We sought confirmation of the
hits resulting from the screening in dose-response and time
course experiments. Whereas paxiline revealed to be a false-
positive result, 4HPR robustly and dose-dependently increased
SQSTM1 burden in MNs (Figure S4(a)). Since we observed an
increased toxicity with high doses (starting from 10 μM, which
was used to perform the initial screening; Figure 3(b)), 1 μM
4HPR was selected for further investigations. The time course
revealed that 24 h of treatment with 1 μM 4HPR were sufficient
to increase the SQSTM1 burden in MNs significantly, and
SQSTM1+ signal was found to steadily increase up to 48 h
(Figure S4(b)). Of note, short-term treatment (24 h) with 1
μM 4HPR did not affect the differentiation of MNs (as shown
by CHAT, ISL1, TUBB3 and NEFH expression; Figure S4(c))
and short-term survival was unchanged (Figure S4(d)), imply-
ing that the effect on SQSTM1 was not a consequence of
impaired MNs differentiation or apoptotic cell death.

RARA activation worsens the autophagy impairment in
mTBK1 MNs

We investigated further the detrimental effect of 4HPR on
healthy and on mTBK1 MNs, including the line carrying
a compound mutation of TBK1 and FUS (in order to explore
the interaction between distinct ALS-related mutations). CTRL
MNs did not display SQSTM1 aggregates in vehicle-treated
cultures, and SQSTM1 burden was only modestly increased
by 4HPR treatment. Conversely, 4HPR strongly increased
SQSTM1 burden to the same extent in pure TBK1 mutants

and in the TBK1-FUS mutant line, suggesting that 4HPR was
affecting SQSTM1 burden by primarily interacting with the
pathogenic pathways specific of the mutant TBK1 (Figure 3(c)).

We then further explored the mechanisms leading to RA-
induced SQSTM1 accumulation by considering the effect of
4HPR on proteins regulating SQSTM1 entry into the autop-
hagic pathway (TBK1) or associated with SQSTM1 degrada-
tion in mature autophagosomes (LC3). Although 4HPR did
not affect TBK1 levels in CTRL cells, it further reduced the
TBK1 protein levels in mutant MNs (Figure 3(d)).

Moreover, mTBK1 MNs displayed significantly reduced
levels of lipidated LC3 (compared to CTRL MNs) in vehicle
treated cultures; notably, 4HPR increased the levels of LC3-II in
CTRL MNs but it failed to do so in mutant cells (Figure 3(e)).
Lipidated LC3 was increased also by all trans retinoic acid
(ATRA, a structurally unrelated RARA agonist; Figure S5(a))
whereas co-treatment of cells with 4HPR and the RARA
antagonist BMS-195614 reduced this effect (Figure S5(b)).
Based on these results, we hypothesized that although RARA
activation increases autophagosome levels in normal MNs, it
may fail to do so in mTBK1. Notably, either in the case of
TBK1 or in case of LC3-II levels, the mTBK1-FUS MNs were
comparable to pure mTBK1, suggesting that FUS contribution
to autophagy dysregulation and increased 4HPR sensitivity is
negligible in these conditions (Figure 3(d,e)).

To obtain a more direct evaluation of the autophagic flux
in CTRL and mTBK1 cells (and the relative effect of 4HPR),
we transfected MNs from both genotypes with a mRFP1-
EGFP-LC3 construct [34]; cells were then treated with 1 μM
4HPR for 24 h and imaged using confocal microscopy. In
vehicle-treated CTRL cultures, the yellow LC3+ structures
(autophagosomes) were more numerous than red ones. The
4HPR treatment increased the overall number of LC3+ struc-
tures in CTRL MNs (1.745 ± 0.347 fold increase of CTRL
vehicle-treated; data not shown), but increased disproportio-
nately more the number of red than of yellow LC3 puncta;
these results indicate not only an increase in the overall
activity of the autophagic pathway, but also an increased
flux toward autolysosome formation. Vehicle-treated mTBK1
MNs did not differ from CTRL in terms of yellow LC3
structure number, but these were significantly larger than in
wild-type cells. Notably, 4HPR failed to increase the number
of red LC3+, but further increased the size of yellow LC3
structures in mTBK1 MNs (Figure 3(f)). Thus, 4HPR did
not increase the autophagic flux in ALS-related cells, but it
exacerbated the autophagy impairment that, at DIV14, in
vehicle-treated cultures was hinted by the significantly larger
size of the yellow LC3 puncta (suggesting an accumulation in
structures that do not undergo complete maturation).

4HPR induces accumulation of immature phagophores in
mTBK1 MNs, which is due to an impaired elongation
phase in the autophagic flux

To uncover at which step (upstream of LC3 lipidation) RARA
activation further interfered with the autophagic flux already
altered by TBK1 mutations, we analyzed at ultrastractural
level the autophagic structures generated in response to
4HPR treatment. In high-pressure freezing TEM images,
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autophagic structures were identified according to accepted
criteria [35,36]: briefly, autophagic structures were readily
identified in CTRL MNs, corresponding to the morphological
criteria for early autophagic vesicles (AVs) and for late AVs

(autolysosomes). Interestingly, vehicle-treated TBK1 MNs dis-
played a significant higher amount of phagophore membranes
and phagophore number, indicating an increased population
of early autophagic structures, while displaying decreased

Figure 3. Small molecules screening identifies 4HPR as a potent modifier ofmTBK1 phenotype. (a) Manhattan plot showing the intensity of SQSTM1 inmTBK1MNs treatedwith
the nuclear receptor ligands. In green: vehicle (DMSO, as negative control); in dark red: Rapamycin (positive control); in red: RARA agonists that increased significantly SQSTM1
intensity (4HPR is highlighted); in blue: Paxilline; in orange (in sequence): Geranylgeraniol, 6a-fluorotestosterone and 1a,25-dihydroxyvitamin D3 (One-Way ANOVA followed by
Sidak´s multiple comparisons test; a complete list of the compounds is available in Table S1). (b) Representative immunolabeling of mTBK1MNs treated with DMSO (vehicle) and
4HPR (10 μM). (c) Representative confocal images of CTRL andmTBK1MNs at DIV14 treated with vehicle or 4HPR (1 μM) for 24 h and immunolabeled against CHAT and SQSTM1.
4HPR increases SQSTM1 accumulation in mTBK1 to a higher extent compared to CTRL (two-way ANOVA followed by Holm-Sidak´s multiple comparisons test: *p < 0.05;
**p < 0.01; ***p < 0.001). (d and e) Immunoblot analysis of endogenous TBK1 (d) and LC3-II (e) protein levels in CTRL and mTBK1 MNs at DIV14 treated with vehicle or 4HPR
(1 μM) for 24 h. (two-way ANOVA followed by Holm-Sidak´s multiple comparisons test: *p < 0.05; **p < 0.01; ***p < 0.001). (f) Representative confocal images of CTRL and
mTBK1MNs transfected withmRFP-EGFP-LC3 construct and treated with 4HPR (1 μM). The autophagy sensor reveals that the retinoid increases the autophagic flux in CTRL cells,
while mutant MNs are characterized by an early-phase block in the pathway. Data information: the complete molecule screening was performed twice in N = 2 independent
differentiations, and compounds were tested twice each time (n = 120 MNs analyzed). The other experiments were performed in N = 3 independent replicates, and in (f) the
lines CTRL I and mTBK1 I were used as representative of the respective genotypes. In immunocytochemistry a minimum of n = 90 CHAT+ cells were analyzed, while the
autophagy flux was evaluated in a minimum of n = 16 transfected MNs for each condition. Scale bars: (b) and (f) 5 μm, (c) 10 μm. Data are presented as mean ± SEM.
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number of AVs compared to CTRL MNs. Thus, in vehicle-
treated mutant MNs, TEM identified a failure in the matura-
tion of phagophores. Treatment of CTRL MNs with 4HPR
resulted in an increase of phagophores number as well as of
AVs, indicating the overall stimulation of autophagy (in
agreement with the results obtained with the mRFP1-EGFP-
LC3 sensor). Notably, mTBK1 MNs exposed to 4HPR dis-
played a strong accumulation of immature phagophores
(Figure 4(ai,aii)), without showing a corresponding increase
in mature autophagosomes (occurring in treated CTRL MNs).
Taken together, these data provide compelling morphological
evidence that the autophagic impairment in mTBK1 MNs
takes place at the elongation phase, and this elongation-
phase bottleneck is worsened by 4HPR, which induces the
accumulation of immature phagophores.

In fact, even prolonged treatment with the RARA-agonist
(48 h) did not cause the clearing of phagophores but rather
resulted in a further dramatic accumulation of immature double-
membrane structures in mTBK1: unorganized double-
membranes with a minimum length of 0.75 μm were detectable
in 37.6% of the cells analyzed, while CTRL cells were characterized
by an accumulation of large, single-membrane cytosolic vacuoles
(Figure 4(b)). In agreement with the massive accumulation of
immature autophagic structures, 48-h exposure to 4HPR strongly
increased the number of apoptotic nuclei detected by TEM in
mTBK1 MNs but not in CTRL (Figure S6(a)). Confirming the
TEM data, the prolonged 4HPR treatment triggered a significant
increase in CYCS (cytochrome c, somatic; a readout associated
with apoptosis [37,38]) in the mutant genotype (Figure S6(b)); in
fact, an increased number of cleaved CASP3+ MNs was observed
in mTBK1 (but not in CTRL) upon 48 h of 4HPR treatment
(Figure S6(c)).

Incomplete activation of RARA-dependent
autophagy-regulating transcriptional program in TBK1
MNs

In order to gain molecular insights into the detrimental effect of
RARA activation on mTBK1 autophagy impairment, we
screened the expression levels of 84 genes involved in the autop-
hagic pathway (Human Autophagy RT2 Profiler™ PCR Array) in
control or TBK1-mutant cells subject to vehicle or 4HPR treat-
ment for 24 h. After quantile normalization, differential expres-
sion analysis revealed that vehicle-treated mTBK1 MNs already
displayed a significant downregulation of genes involved in the
elongation phase (ATG10, ATG12, ATG4A, TMEM74 and
ULK2) and upregulation of genes involved in apoptosis (BAX,
DRAM1, FAS and TP53) compared to CTRL (adjusted p-value <
0.05; the complete set of raw data is available in Table S2).
However, whereas 4HPR induced the upregulation of
HSP90AA1, MAP1LC3B, LAMP1 and SQSTM1 expression in
healthy MNs, the response of mTBK1 MNs to 4HPR was
restricted to increased SQSTM1 expression levels (Figure 5(a)).
The downregulation ofATG10 andTMEM74 in mTBK1was not
modified by 4HPR, as confirmed by independent qRT-PCR and,
for ATG10, also at protein level (Figure 5(b,c)).

Thus, whereas in CTRL MNs 4HPR activated a coordinated
program aiming at enhancing the autophagic flux, inmTBK1 the
transcriptional activation was incomplete and restricted (among

the tested genes) to SQSTM1; notably, SQSTM1 upregulation
took place in the context of a persistent and RA-insensitive
downregulation of ATG10. In fact, vehicle-treated mTBK1
MNs displayed a higher protein level of SQSTM1 compared to
CTRL cells, and whereas in CTRL MNs 4HPR induced only
a minor increase in SQSTM1, in mTBK1 MNs it produced
a massive build-up of this protein (Figure 5(d)). SQSTM1 is
itself phosphorylated by TBK1 on Ser403 [4], a critical check-
point for the progression of the autophagic pathway. In mTBK1
MNs, the baseline value of phosphorylated SQSTM1 was signif-
icantly lower than in CTRL; upon 4HPR treatment, levels of
phosphorylated SQSTM1 increased strongly in CTRL MNs
(underscoring the activation of the autophagic pathway) but
remained persistently low in mTBK1 (Figure 5(e)). Thus,
4HPR induces the accumulation of mainly unphosphorylated
SQSTM1 in mTBK1 MNs.

We further explored the flux of SQSTM1 autophagic
degradation at baseline and under 4HPR treatment: in parti-
cular, cells were treated with the lysosome acidification inhi-
bitor bafilomycin A1. WB analysis of SQSTM1 levels revealed
that whereas CTRL cells accumulate SQSTM1 under 4HPR
treatment, accumulation was further enhanced by bafilomycin
A1-4HPR co-treatment, implying that the net increase in
SQSTM1 is the result of transcriptional upregulation and
increased degradation. Conversely, mTBK1 MNs accumulated
much more SQSTM1 than CTRL cells in presence of 4HPR
but this effect was not further enhanced by bafilomycin A1,
suggesting that 4HPR does not increase SQSTM1 degradation
in mTBK1 MNs, as would be expected in case of a flux
blockade at the early stages of autophagy (Figure S7).

All together, these results demonstrate that the
block occurring at the elongation phase, rather than an
impaired lysosomal fusion, is the crucial detrimental bot-
tleneck leading to the aberrant SQSTM1 accumulation in
mTBK1 MNs.

We reasoned that the mismatch between upregulated
SQSTM1 levels and reduced autophagic flux might be critical
in driving mTBK1 MNs sensitivity to 4HPR. Therefore,
restoring the balance between SQSTM1 levels and autophagic
outflow may rescue 4HPR toxicity. Among the genes down-
regulated in mTBK1 MNs, which could be implicated in the
‘autophagy bottleneck’, we focused on ATG10 since this is
directly involved in the elongation of the phagophore mem-
brane upstream LC3 lipidation [39]. Therefore, we sought to
rescue the mismatch between SQSTM1 levels and the autop-
hagy flux capacity by forcing ATG10 expression in mTBK1
MNs. Cells were transfected either with a plasmid encoding
ATG10-GFP fusion protein or GFP alone, treated with 4HPR
(or vehicle) for 24 h, and the burden of SQSTM1 aggregates
was assessed. In vehicle treated mTBK1 MNs, the expression
of GFP alone or ATG10-GFP did not alter the burden of
SQSTM1+ aggresomes; however, whereas 4HPR treatment
strongly increased SQSTM1 burden in GFP-expressing MNs,
this effect did not appear in ATG10-GFP-expressing neurons;
in fact, overexpression of ATG10 completely abolished 4HPR-
induced accumulation of SQSTM1, indicating a complete
clearing of the autophagic bottleneck (although ATG10 over-
expression did not rescue the baseline burden of SQSTM1 in
mTBK1 MNs; Figure 5(f)).
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Because ATG10 overexpression prevented the detrimental
4HPR-induced SQSTM1 accumulation, we investigated
whether this might also be sufficient to rescue 4HPR toxicity
on mTBK1 MNs. To this aim, we investigated the levels of

CYCS in mutant MNs expressing either GFP or ATG10-GFP
after 48 h of 4HPR: the treatment strongly upregulated CYCS
in GFP-expressing mTBK1 MNs, but significantly less in
ATG10-GFP-expressing MNs (Figure 5(g)).

Figure 4. mTBK1 MNs show impaired autophagosome maturation. (a) TEM analysis of CTRL and mTBK1 MNs at DIV14 treated with vehicle or 4HPR (1 μM) for 24 h.
White arrowheads indicate Early AVs; black arrowheads indicate Late AVs (autolysosomes); red arrowheads indicate phagophores. mTBK1 MNs show increased
cumulative phagophore length and accumulation of phagophores after 4HPR treatment (shown in ai and aii, two-way ANOVA followed by Holm-Sidak´s multiple
comparisons test: *p < 0.05; **p < 0.01). 4HPR increases the total number of AVs in CTRL MNs, but not in mTBK1 (shown in aiii, two-way ANOVA followed by Holm-
Sidak´s multiple comparisons test: **p < 0.01; ***p < 0.001). (b) TEM analysis of CTRL and mTBK1 MNs at DIV14 treated with vehicle or 4HPR (1 μM) for 48 h. CTRL
MNs show large cytosolic vesicles, while mTBK1 accumulate large unorganized double-membrane structures. Data information: in all the experiments a minimum of
n = 21 MNs were analyzed (N = 3 independent replicates for 24 h treatment, N = 2 independent replicates for 48 h treatment), and the lines CTRL I and mTBK1
I were used as representative of the respective genotypes. scale bars: (A) 0.25 μm, (b) 1 μm in the low magnifications and 0.5 μm in the higher magnifications. Data
are presented as mean ± SEM.
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Figure 5. Autophagy blockade in mTBK1 occurs at the elongation phase. (a) Heatmap showing mRNA expression of autophagy genes significantly altered in CTRL and
mTBK1 MNs at DIV14 treated with vehicle or 4HPR (1 μM) for 24 h. (b) qRT-PCR analysis of ATG10 and TMEM74 levels (two-way ANOVA followed by Holm-Sidak´s multiple
comparisons test: *p < 0.05). (c) Immunoblot analysis of endogenous ATG10 protein levels in CTRL and mTBK1 MNs at DIV14 treated with vehicle or 4HPR (1 μM) for 24 h
(two-way ANOVA followed by Holm-Sidak´s multiple comparisons test: ***p < 0.001). (d and e) Immunoblot analysis of endogenous total (d) and phosphorylated (e)
SQSTM1 protein levels in CTRL and mTBK1 MNs at DIV14 treated with vehicle or 4HPR (1 μM) for 24 h. mTBK1 show increased baseline levels of SQSTM1, whose
accumulation becomes more dramatic upon 4HPR treatment. Levels of Ser403 phosphorylation were increased in CTRL after 4HPR treatment, while in mTBK1 remained
downregulated (two-way ANOVA followed by Holm-Sidak´s multiple comparisons test; *p < 0.05; **p < 0.01; ***p < 0.001). (f and g) Representative confocal images of
mTBK1 MNs transfected either with GFP reporter or ATG10-GFP vector. Cells were treated with vehicle or 4HPR (1 μM) for 24 (f) or 48 h (g) and immunolabeled against CHAT
and SQSTM1 (f) or CYCS (g). Upper row shows GFP-positive signals, lower row shows magnification of the somata. Overexpression of ATG10 rescues the detrimental effect of
4HPR on SQSTM1 accumulation (two-way ANOVA followed by Holm-Sidak´s multiple comparisons test: p = 0.06), and attenuates the 4HPR-dependent increase of CYCS
(two-way ANOVA followed by Holm-Sidak´s multiple comparisons test: *p < 0.05). This confirms the beneficial effect on MNs fitness exerted by ATG10 restoration. Data
information: all the experiments were performed in in N = 3 independent replicates, and the lines CTRL I and mTBK1 I were used as representative of the respective
genotypes. The effect of ATG10 overexpression was evaluated in N = 3 independent replicates analyzing a minimum of n = 16 CHAT+ cells for each group. Scale bars: (f) and
(g) 10 μm in the higher row and 5 μm in the lower row. Data are presented as mean ± SEM.
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4HPR leads SQSTM1 accumulation, ATG10 loss and
aggresome formation also in c9orf72-mutant MNs

We then verified if the mismatch between 4HPR-activated
autophagy and intrinsic autophagic bottlenecks might be
a general feature of multiple ALS-related molecular defects. To
this aim, we considered MNs derived from two hiPSC lines
carrying different mutations in the FUS gene (mFUS-I and
mFUS-II), or hexanucleotide expansion in the C9orf72 gene
(mC9orf), compared to a control line (CTRL I) and to an
isogenic control line in which the FUS mutations were corrected
(all these lines have been previously reported [21,22]). In vehicle-

treated cultures, neither the mFUS lines or corresponding
CTRLs displayed SQSTM1 aggregates; although 4HPR produced
a small increase in SQSTM1 burden, this was comparable in
mFUS and CTRLMNs, indicating the absence of obvious autop-
hagy bottlenecks due to FUS mutations (Figure 6(a)).

Vehicle-treated mC9orf MNs did not show any aberrant
accumulation of SQSTM1+ inclusions compared to CTRL
MNs; however, 24-h 4HPR treatment induced a significant
accumulation of SQSTM1+ structures in the cell soma of
mC9orf cells (Figure 6(b)), suggesting that mutations in
TBK1 and in C9orf72 may converge on a pathogenic pathway

Figure 6. 4HPR leads to ATG10 downregulation and aggresome accumulation in mC9orf MNs. (a and b) Representative confocal images of corrected mFUS (a); CTRL
and mC9orf (b) MNs at DIV14 treated with vehicle or 4HPR (1 μM) for 24 h and immunolabeled against CHAT and SQSTM1. 4HPR does not trigger SQSTM1
accumulation in FUS-mutant MNs; in contrast, it induces a strong SQSTM1 accumulation in mC9orf (two-way ANOVA followed by Holm-Sidak´s multiple comparisons
test; *p < 0.05). (c) Immunoblot analysis of endogenous ATG10 protein levels in CTRL and C9orf72 (C9orf) MNs at DIV14 treated with vehicle or 4HPR (1 μM) for 24 h
(two-way ANOVA followed by Holm-Sidak´s multiple comparisons test: *p < 0.05). (d) TEM analysis of CTRL and mC9orf72 MNs at DIV14 treated with vehicle or 4HPR
(1 μM) for 24 h. 4HPR increases in both genotypes the number of AVs (two-way ANOVA followed by Holm-Sidak´s multiple comparisons test; **p < 0.01), which are
larger (black arrowheads) in mC9orf MNs (two-way ANOVA followed by Holm-Sidak´s multiple comparisons test; **p < 0.01). 4HPR eventually leads to accumulation
of aggresomes in mC9orf MNs (two-way ANOVA followed by Holm-Sidak´s multiple comparisons test; *p < 0.05). Red arrowheads indicate double-membrane
structures associated to high-sized AVs and aggresomes. Data information: immunocytochemistry was performed in N = 3 independent replicates and a minimum of
n = 60 CHAT+ cells were analyzed. TEM analysis was performed in a minimum of n = 21 MNs from N = 2 independent replicates. Scale bars: (a and b) 10 μm, (d) 1
μm. Data are presented as mean ± SEM.
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selectively enhanced by RARA activation. Notably, although
at baseline ATG10 levels were comparable in mC9orf and
control lines, treatment with 4HPR induced a significant
reduction of ATG10 levels in mC9orf MNs (Figure 6(c)).

We then investigated by TEM the autophagy step that may
be affected in mC9orf MNs. In contrast to what seen in
mTBK1, mC9orf MNs accumulated free membranes (indicated
in Figure 6(d) with red arrowheads) that did not bear the
typical cup-shape of phagophores [29]. Although 4HPR did
not increase the number of AVs in mC9orf MNs, it did
strongly increase the size of these structures (Figure 6(di)):
whereas in 4HPR-treated CTRL cells AVs were almost invari-
ably smaller than 0.5 μm2, in 4HPR-treated mC9orf MNs
a large fraction of AVs was significantly larger (Figure 6(dii)).
Moreover, although at baseline CTRL and mC9orf MNs did
not display aggresomes in TEM images, aggresome formation
was triggered by 4HPR in mC9orf cells (Figure 6(diii)).

These data show that RARA activation worsens the autop-
hagic flux in MNs carrying TBK1 and C9orf72 (but not FUS)
ALS-related mutations, in both cases leading to the accumula-
tion of SQSTM1 aggresomes and the loss of ATG10, but
interfering with autophagy at distinct steps of the pathway.

Discussion

In this study, we have shown that mutant TBK1 MNs
derived from hiPSCs obtained from ALS patients display
abnormal SQSTM1 aggregates and morphological and bio-
chemical signs of altered autophagy, in particular (but not
necessarily only) at the stage of the elongation phase. We
have further shown that this phenotype is not easily
reversed but can be worsened by RARA agonists, through
a mechanism that involves a mismatch between SQSTM1
levels and the deficiency in ATG10 and TBK1 itself. In
addition, the effect of RARA activation is not restricted
to mTBK1 MNs only but also worsens autophagy in
mC9orf MNs, again with accumulation of SQSTM1 and
decrease in ATG10 but with accumulation of autophago-
somes at later stages of maturation. Taken together, our
work shows that increasing the autophagic flux is not
a therapeutic solution for ALS if ‘autophagy bottlenecks’
are not solved at the same time, otherwise it results in
decreasing MN fitness.

The accumulation of SQSTM1+ inclusions is a hallmark of
ALS [40] and it has already been described in clinical cases
characterized by TBK1 mutations [6,8] as well as upon
siRNA-mediated knockdown of TBK1 [41]. Thus, the detec-
tion of SQSTM1 aggregates in our mTBK1 MNs suggests that
they recapitulate critical cell-autonomous pathogenic path-
ways and further validate the use of SQSTM1 aggregates
burden as a meaningful readout in modifier screening [42].
In particular, mutations in TBK1 itself are sufficient to gen-
erate, via haploinsufficiency, a 50% decrease of TBK1 protein;
we show that the consequence is a decreased efficiency of the
elongation phase and, related to the slow-down of the autop-
hagic flux, the accumulation of aberrant, membrane-bound
perinuclear aggresomes [27,28].

Nevertheless, this finding raises the possibility of overcom-
ing the cell-autonomous TBK1 dependent blockade of

autophagy as therapeutic strategy for ALS. In particular, we
elected to screen small molecules targeting nuclear receptors
because of their favorable pharmacokinetics (they often cross
the blood-brain-barrier), their large impact on transcriptional
responses [43–46] and the availability of large sets of nuclear-
receptor targeting compounds amenable of drug repurposing.
We found that a whole class of RARA agonists is able to
accelerate the accumulation of SQSTM1 and increase the
rate of MN apoptosis. We showed that RARA activation
effects were not due to an interference with MN differentia-
tion in culture (no change in MN markers was observed, and
retinoid treatment was applied for max 48 h) but rather to
a direct effect on transcriptional programs. In fact, in control
MNs RARA activation triggered (among many) the transcrip-
tion of several genes involved in the autophagic pathway, in
agreement with the role of RA as autophagy stimulator [47].

Interestingly, 4HPR increased SQSTM1 levels in healthy
MNs under the conditions of increased autophagic flux.
Although one may expect reduced levels of SQSTM1 when
autophagy is enhanced [48,49], an increase in SQSTM1 has
already been shown to take place under retinoid-dependent
autophagy induction [50,51], and in the specific case of
mTBK1 MNs results from the mismatch between increased
transcription of SQSTM1 and reduced degradation as results
of failed phagophore maturation and the downregulation of
several genes involved in the early phases of autophagy.

Interestingly, the accumulation of aberrant aggresomes
observed at DIV14 in mTBK1 MNs, together with reduced
LC3 lipidation and increased phagophore numbers, does not
seem to alter the autophagic flux at an extent that might
result as fatal (no MN loss was observed at this time point).
In fact, flux analysis revealed that under normal conditions,
despite the alterations mentioned above, in mutant MNs
a relevant number of autophagosome is still able to undergo
a complete maturation. Even if mTBK1 cells showed
a population of abnormal large-sized LC3 yellow puncta
already in vehicle-treated cells, this might indicate that at
DIV14 mutant MNs are still able to overcome the detrimen-
tal alterations triggered by TBK1 mutations. In this scenario,
induction of autophagy by 4HPR exacerbates the pathologic
phenotype by further increasing the accumulation of
SQSTM1 aggregates and phagophores (and of aberrantly
large LC3 yellow structures), and eventually inducing MN
death upon long-term treatment. Thus, it seems that autop-
hagy induction in mTBK1 MNs results in accelerating the
disease progression, as in normal conditions neuronal loss
was firstly observed starting from DIV28.

In detail, the RARA-associated autophagic transcriptional
program was significantly different in mTBK1 MNs: although
SQSTM1/p62 was still upregulated, several other genes related to
the downstream autophagic cascade were not, suggesting the
onset of a possible imbalance between inflow and outflow in
the autophagic pathway. In addition we identified ATG10 as an
additional autophagy-related protein that was strongly down-
regulated in mTBK1 MNs (and retinoid-insensitive). Thus, our
screening has revealed that coordinated transcriptional responses
to upregulate autophagy in mTBK1 MNs are not feasible and, in
the case of RARA activation, the incomplete response results in
a detrimental outcome at the elongation phase.
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Actually, the overload of the autophagic system at the elonga-
tion phase is coherent with the molecular alterations: TBK1
haploinsufficiency is associated with a significant downregula-
tion of genes involved in the elongation phase such as ATG12,
ATG4A, TMEM74 and the E2-like enzyme ATG10. This protein
in particular plays a key role in the early phases of autophago-
some formation, as it is required for the proper conjugation of
the ATG12–ATG5-ATG16L1 complex [52], which is fundamen-
tal for the autophagosomes’ membrane elongation [39]. Thus,
the reduced levels of these genes (and ULK2 as well) might
disrupt the phagophore maturation at the very early stages,
even before the recruitment of LC3 at the expanding double
membrane [53]. Binding of LC3 to the phagophore is in fact
required to drive the formation of a mature autophagosome to
completion and this, together with reduced ATG4A, should
explain why mTBK1 MNs do not display changes in LC3-II
levels while accumulating immature phagophores.

Of note, it has been shown that SQSTM1 itself is involved
in the regulation of the elongation phase: in fact, in normal
conditions SQSTM1 is phosphorylated by TBK1 and seques-
trates the NFE2L2/NRF2 interactor KEAP1 to the forming
autophagosome, releasing NFE2L2/NRF2 itself, which then
activates the transcription of autophagy genes such as ATG4,
ATG5, ATG9, ATG10, ATG16L1 and SQSTM1 itself [54,55].
So the massive increase in non-phosphorylated SQSTM1 (due
to TBK1 loss, since TBK1 directly phosphorylates SQSTM1 at
Ser403 [56]) would correspond to a less efficient KEAP1
sequestration and suppression of NRF2-activated genes. In
these conditions, further activation of the autophagy pathway
would stall at the elongation phase because of a lack of critical
factors for this stage [15].

In addition, an increase in SQSTM1 levels may interfere
directly with proper autophagic flux: in fact, SQSTM1 directly
interacts with BCL2 freeing BECN1/Beclin 1 from this autop-
hagy-repressive interaction [57]. Thus, the upregulation of
SQSTM1 may make larger amounts of BECN1 available to
start the autophagic pathway; to date, the role of SQSTM1
phosphorylation in this process is not well understood.
Furthermore, upon clustering in aggregates, SQSTM1 has been
shown to trigger the apoptosis cascade by recruiting and activat-
ing caspase-8 [58,59]. Although the upregulation of un-
phosphorylated SQSTM1 may not be the only entry point for
RARA-induced worsening of mTBK1-associated autophagy
impairment (considering the large number of genes modified
by RARA in the human genome) and reduced MNs survival, it
may nevertheless play a significant part in the process; in fact,
mutations in SQSTM1 are causally linked to ALS [60], and
pathogenic mutations in SQSTM1 have been shown to affect
the binding of SQSTM1 with KEAP1 [61]. Thus, our investiga-
tion reveals that RA may act as non-genetic modifier of ALS-
related pathobiochemistry in MNs that, nevertheless, converges
on genetically-determined pathogenic cascades.

Although alterations in the RA-signaling pathway have been
identified in ALS disease progression [62], the effect of RA
activation in ALS mouse models has been controversial.
Riancho et al. have reported a neuroprotective effect of the
synthetic retinoid Bexarotene (administered at a 100 mg/kg
body weight/day dose), which increased the body weight and
the lifespan of SOD1G93A mice [63]. In contrast, a previous

work demonstrated that lower doses (30 mg/kg body weight/
day) of retinoic acid decrease the lifespan of the same animal
model [64]. Our in vitro results (and in vivo results, unpub-
lished) are in line with the latter findings, suggesting that
administration of RARA agonists without simultaneous
removal of ‘autophagy bottlenecks’ would result in worsening
of the disease progression. This effect is not restricted to RA
alone: although earlier studies suggested that autophagy induc-
tion would be sufficient to clear intracellular aggregates [65],
studies in mammalian models have repeatedly demonstrated
that administration of the MTOR inhibitor and autophagy
stimulator Rapamycin to SOD1G93A mice increases the burden
of misfolded SOD1, amplifies the ER stress and shortens the
survival of the mice [66,67]. Likewise, stimulation of MTOR-
independent autophagy by rilmenidine leads to accelerated MN
degeneration and pathology progression in SOD1G93A mice
[68]. This model may apply also to non-neuronal cells: in
muscle fibers, increased autophagy under the conditions of
impaired intracellular trafficking results in myonecrosis [69].

Interestingly, we show that ATG10 deficiency can be triggered
in C9orf72-mutant MNs by retinoid treatment, together with the
appearance of abnormal autophagic structures. Thus, ‘autophagic
bottlenecks’ may be not constitutively present but appear under
stress conditions, raising the intriguing possibility that environ-
mental factors may influence the appearance of disease in geneti-
cally predisposed subjects. Notably, ATG10 levels have been
found to be downregulated also in a Parkinson mouse model
displaying autophagy impairment [70]; thus, the mismatch
between induction and maturation of autophagy may be worth
investigating in multiple misfolded proteinopathies.

In conclusion, we have demonstrated that the response of
mTBK1 to transcriptionally-driven autophagy induction
(including SQSTM1 upregulation) is altered because of the pre-
existing molecular alterations (ATG10 deficiency) which are
downstream a cascade set in motion by the cell-autonomous
haploinsufficiency of the kinase itself. We further show that in
these conditions, any further activation of the autophagy
machinery is incomplete and may result in detrimental effects
(in agreement to what shown also by Saxena and Roselli [67]).
The resulting ‘autophagy bottlenecks’, either constitutive
(TBK1-mutant) or induced (C9orf72-mutant) could be possibly
difficult to address at transcriptional level (none of our nuclear
receptor modulator proved able to circumvent it) although they
may be addressed by other approaches (e.g., at the kinase level
[71];). Therefore, the potential therapeutic effect of autophagy
induction seems to be only of clinical relevance for the treat-
ment of ALS patients, once the autophagy machinery is reestab-
lished and properly working (Figure 7).

Materials and methods

Generation and cultivation of human iPSCs

For creating hiPSC lines, human keratinocytes derived from
ALS patients’ hair were reprogrammed as previously described
[18–21]. Briefly, keratinocytes (75% confluence) were treated
with 5 × 105 proviral genome copies for two subsequent days
and transferred to previously irradiated (30Gy) rat embryonic
fibroblasts feeder cells. Keratinocytes were kept in a 5% O2
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incubator and cultured in hiPSC medium so composed:
KnockOutTM DMEM (Gibco, 10,829–018), 20% KnockOutTM

Serum Replacement (Gibco, 10,828,028), 2 mM GlutaMAXTM

(Gibco, 35,050,061), 100 mM MEM non-essential amino acids
(NEAA) (Gibco, 11,140–035), 1% antibiotic–antimycotic
(Gibco, 15,240–062), 100 mM β-mercaptoethanol (Millipore,

Figure 7. Schematic representation of the autophagy mismatch model in mTBK1 MNs. (a) In the present study we show that due to an impaired autophagic flux,
mTBK1 MNs accumulate aberrant cytosolic SQSTM1-positive aggresomes. Treatment with 4HPR induces a mismatch between phagophore formation and the ability
of these structures to undergo proper maturation, and this eventually leads to increased MNs death upon prolonged treatment. The mismatch is rescued by re-
establishment of ATG10 levels, which also exerts an overall beneficial effect on MNs fitness. (b) Speculative mechanistic hypothesis: in absence of pathogenic
mutations TBK1 phosphorylates SQSTM1, which promotes autophagy and sequesters KEAP1 from its interaction partner NFE2L2/NRF2. This releases NFE2L2, which
can promote the transcription of autophagy-related genes such as ATG10. In the present study we have shown that ALS-related TBK1 mutations lead to reduced
SQSTM1 phosphorylation and impaired autophagy. We speculate (purple frame) that this might disrupt the positive feedback loop orchestrated by SQSTM1 and its
interaction with the KEAP1-NFE2L2 complex: lack of SQSTM1 activation might limit KEAP1 degradation and lead to a subsequent reduced release of NFE2L2: as
a consequence NFE2L2 transcriptional activity is downregulated leading to a reduced transcription of autophagy genes.
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ES-007-E), 50 mg/ml vitamin C (Sigma-Aldrich, A4403), and
10 ng/ml FGF-2 (PeproTech, 100-18C)). After 15–20 d of
cultivation hiPSCs growing in colonies with the characteristic
morphology started to be detectable. hiPSC colonies were then
mechanically detached and further cultivated on feeder-free
plates using mTeSR1 medium (Stem Cell Technologies, 83850).

Human iPSCs characterization

We characterized the newly created hiPSC lines according to
previously published protocols [18] or using the StemLite
Pluripotency Kit (Cell Signaling Technology, 9656S). For
spontaneous in vitro differentiation into the 3 germ layers,
hiPSC colonies were mechanically lifted transferred in T75
low-attachment flasks (Corning, 3814). Embryoid bodies
(EBs) formation was performed in suspension in hiPSC med-
ium for 10 d. Afterwards, EBs were plated on 35-mm μDishes
(Ibidi, 81156) and kept in culture for up to 14 d.
Differentiated EBs were stained against representative mar-
kers of Endoderm, Ectoderm and Mesoderm.

Karyograms of all generated hiPSC lines were analyzed to
exclude chromosomal aberrations after reprogramming and
performed according to standard procedures [18]. Briefly, 2
confluent wells of a 6-well-plate were treated with 1.5 M colchi-
cine (Eurobio, CCHCLC00-JA) for 2 h to conserve metaphases.
hiPSCs showed normal male/female karyotypes (Figure S1(d)).

The 2 mFUS cell lines, as well as the corrected-FUS line,
were already characterized [22]. Specifically, in the present
study we used the mFUS lines carrying the R495QfsX527 and
the Asp502ThrfS∗27 mutation. The ‘corrected-mFUS’ line
corresponds to the isogenic control created from the
R495QfsX527 line using Clustered regularly interspaced
short palindromic repeats (CRISPR) technology.

MNs differentiation, treatment and transfection

MNs were differentiated from hiPSCs using the protocol pub-
lished by Shimojo and collaborators [23] with minor modifica-
tions. In brief, cells were detached and cultivated in suspension in
ultra-low attachment flasks T75 (Corning, 3815) for 3 d for the
formation of EBs in hESC medium: DMEM-F12 (Gibco, 31331-
028), 20% KnockOutTM (Gibco, 10828028) serum replacement,
1% NEAA, 1% β-mercaptoethanol, 1% antibiotic-antimycotic,
10 µM SB-431542 (Stemcell Technologies, 72232), 1 µM dorso-
morphin (Tocris, 3093), 3 µM CHIR 99021 (Stemcell
Technologies, 72054), 1 µM pumorphamine (Miltenyi Biotec,
130-104-465), 150 µM vitamin C, 500 µM cAMP (Sigma-
Aldrich, D0260), 1% Neurocult supplement (Stemcell
Technologies, 05731), 0.5% N2 supplement (Gibco, 17502-284).
At the fourth day, medium was switched to MN Medium:
DMEM/F12 (Gibco, 31331-028), 24 nM sodium selenite (Sigma-
Aldrich, S5261), 16 nM progesterone (Sigma-Aldrich, P8783),
0.08mg/mL apotransferrin (Sigma-Aldrich, T2036), 0.02mg/mL
Insulin (Sigma-Aldrich, 91077C), 7.72 μg/mL putrescine (Sigma-
Aldrich, P7505), 1%NEAA, 1% antibiotic-antimycotic, 50mg/mL
heparin (Sigma-Aldrich, H4783), 10 μg/mL of the neurotrophic
factors BDNF (Peprotech, 450-02), GDNF (Peprotech, 450-10),
and IGF1 (Peprotech, 100-11), 10 µM SB-431542, 1 µM dorso-
morphin, 3 µM CHIR 99021, 1 µM pumorphamine, 150 µM

vitamin C, 1 µM retinoic acid, 500 µM cAMP, 1% Neurocult
supplement, 0.5% N2 supplement. After 5 d of cultivation, EBs
were dissociated into single cells with Accutase (Sigma-Aldrich,
A6964) and plated onto μDishes (Ibidi, 81156), μPlates (Ibidi,
89626) or 6-well plates (Corning, 353046) previously coated
with Growth Factor Reduced Matrigel (Corning, 356231). MNs
were further cultivated up to 42 d, and processed at the desired
time point for the specific experiments.

To perform the screening of nuclear receptor ligands library
(Enzo, BML-2802-0100), MNs were seeded onto 96-well μPlates
(Ibidi, 89626) and cultivated for 14 d. At DIV14, MNs were then
treated for 24 h with the compounds of the commercial library
(diluted 1:1000 from the stock solution provided from the supplier
in MN-medium). Each chemical was tested in 2 different repli-
cates for each plate, and the whole library was screened twice in
N = 2 independent experiments. After treatment, cells were fixed
and immunostained (see below) against CHAT and SQSTM1.

All the other treatments using 4HPR (Tocris, 1396), ATRA
(Tocris, 0695) and BMS195614 (Tocris, 3660), as well as time-
course and dose response experiments for 4HPR, were per-
formed at doses and times as indicated in each experiment of
the results section. Bafilomycin A1 (Sigma-Aldrich, B1793) was
used at a concentration of 100 nM alone or in combination with
4HPR to evaluate the degradation of SQSTM1. All the chemicals
were dissolved in DMSO (Sigma-Aldrich, D4540), which was
also used in every experiment as control (vehicle).

Overexpression experiments were performed at DIV14 by
using LipofectamineTM3000 (Thermo Fisher Scientific,
L3000015) following the protocol provided by the supplier.
The autophagic flux was assessed by transfecting CTRL and
mTBK1 MNs with a previously published ptfLC3 (Addgene,
21074; Tamotsu Yoshimori) encoding mRFP1-EGFP-LC3 [34].

ATG10 overexpression was performed using a commercial
plasmid (Sino Biological, HG15519-ANG), and a commercially
available GFP-reporter construct was used as control (Oligo
Engine, VEC-PRT-0005/0006). Three days after transfection,
MNs were tested for GFP-positive signal, treated with 4HPR,
fixed and immunostained against CHAT and SQSTM1 or CYCS.

Immunocytochemistry

Immunochemical analysis was performed as previously described
in standard protocols [18–22]. hiPSCs and MNs were fixed by
using 4% paraformaldehyde (Sigma-Aldrich, P6148) and 10%
sucrose (Carl Roth, 4621.1) in PBS (Gibco, 14190-094). After
fixation, cells were incubated for 2 h with blocking-
permeabilization solution (PBS + 10% goat serum [Millipore,
S26-100ML] + 0.1% Triton X-100 [Roche, 10789704001]), and
the same solution was used for the primary antibodies incubation
(48 h at 4°C). Afterwards cells were washed with PBS, incubated
with Alexa Fluor TM 488 goat anti-mouse IgG (Invitrogen,
A11036), Alexa Fluor TM 568 goat anti-rabbit IgG (Invitrogen,
A32723) or Alexa Fluor TM 647 goat anti-chicken IgY (Invitrogen,
A21449) secondary antibodies (diluted 1:1000 in PBS), washed
again and mounted with ProLong Gold Antifade reagent with
DAPI (Invitrogen, P36935).

To analyze the SQSTM1 load, a region of interest (ROI)
was manually drawn to highlight the somata of CHAT-
positive cells (excluding the nucleus) and used to calculate
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the area occupied by bright SQSTM1 puncta after threshold-
ing. Values were expressed as ratio between SQSTM1 area
above threshold and the total area of the ROI.

The colocalization between SQSTM1+ structures and
aggresomes markers was evaluated in single optical sections
acquired with confocal microscopy (see below). Aggresomes
were detected using the PROTEOSTAT® Aggresome detection
kit (Enzo, ENZ-51035-0025) by incubating the detection dye
overnight at 4°C in blocking solution together with the other
primary antibodies.

To calculate the amount of apoptotic MNs, the signal of
CASP3 staining was thresholded and then merged with the
SLC18A3/VACHT signal. Cells showing a colocalizing signal
for both markers were scored as apoptotic MNs. The analysis
was performed considering the entire field of view acquired
(20x magnification).

For the analysis of MNs treated with the nuclear receptor
ligands library, we measured the intensity of SQSTM1 signal
within the MNs somata. Each compound was tested twice in
separate wells and the complete screening was performed twice
(4 independent wells for each small molecule, 30 MNs were
randomly selected and analyzed from each well). The same
threshold and image settings were used to analyze the different
cell lines among independent experiments. A complete list of
the primary antibodies used is available in Table 1.

Western blot

Western blots were performed as previously described [72].
Briefly, protein concentration was determined by Bradford
Assay. Equal amounts of protein were separated on 10–12% SDS-
PAGE, transferred to a nitrocellulose membrane (GE Healthcare
Life Sciences, 10600021) with a Trans-Blot Turbo device (Bio-
Rad, USA). Non-specific binding sites were blocked using a 5%
BSA (BIOFROXX, 1126GR100) solution diluted in TBS (50 mM
Tris-Cl [PanReac Applichem, A2264], 150mMNaCL [Honeywell

Fluka, 31434], pH 7.5) for 2 h, and then membranes were probed
with the corresponding primary antibody overnight. After incu-
bation with primary antibody, blots were washed 3 times with
TBS + 0.2% TWEEN (Carl Roth, 9127.1), incubated with HRP-
conjugated secondary anti-mouse (Dako, P0448) or anti-rabbit
(Dako, P0260) antibody, and again washed 3 times. Membranes
were developed using an ECL detection kit (Thermo Fischer
Scientific, 32106) and acquired with MicroChemi 4.2 device
(DNR Bio Imaging System, Israel). For quantification, Gel-
analyzer Software 2010a was used. Values were normalized
against the loading control ACTB/β-actin. A complete list of the
primary antibodies used is available in Table 1.

PathScan® Akt signaling antibody array kit detection and
analysis

The phospho-AKT array (Cell Signaling Technology, 9474) was
performed according to the manufacturer’s instructions. Briefly,
at DIV14 MNs were lysate, centrifuged and stored as dry pellet at
−80°C until usage. The antibody array was blocked for 2 h with
100 μl of Array Blocking Buffer. After discarding the blocking
buffer, 75 μl of sample lysate (diluted in blocking buffer to
a concentration of 1 μg/μl) was added to each sub-array and
incubated overnight at 4°C on an orbital shaker. Sample lysate
was discarded and each sub-array was washed 4 × 5 min with
Array Wash Buffer. After washing, the Detection Antibody cock-
tail was added to each sub-array and incubated for 1 h at room
temperature (RT). Arrays were then washed 4 × 5 min withWash
Array Buffer, before being incubated with Streptavidin-Alexa
Fluor 647 conjugated (Thermo Fisher Scientific, S32357; diluted
1:1000) for 30 min at RT on an orbital shaker. After 30 min the
arrays were once again washed, briefly rinsed in distilled water,
air-dried, and scanned in a Genepix 4000B microarray scanner
(Molecular Devices, San Jose, USA). The 16-bits images obtained
were analyzed by quantifying the fluorescence intensity using
ImageJ software. We used a fixed-size circular ROI to detect the

Table 1. Complete list of the primary antibodies used in this study.

Antibody Dilution Catalog Number Producer Application

Anti-SQSTM1/p62 1:500 ab56416 Abcam ICC, WB
Anti-CHAT 1:500 ab181023 Abcam ICC
Anti- SLC18A3/VACHT 1:250 LS-C150468 LSBio ICC
Anti-NEFH 1:10000 ABIN112360 Antibodies online ICC
Anti-active CASP3 1:500 ab32042 Abcam ICC
Anti-MAP2 1:750 CPCA-MAP2 EnCor Biotech. ICC
Anti-ISL1 1:1000 ab20670 Abcam ICC
Anti-HB9 1:500 81.5C10 DSHB ICC
Anti-NANOG 1:200 Pluripot. Kit 9656 Cell Signaling Technology ICC
Anti-OCT4 1:200 Pluripot. Kit 9656 Cell Signaling Technology ICC
Anti-SOX2 1:200 Pluripot. Kit 9656 Cell Signaling Technology ICC
Antibody SSEA4 1:200 Pluripot. Kit 9656 Cell Signaling Technology ICC
Antibody TRA1-60 1:200 Pluripot. Kit 9656 Cell Signaling Technology ICC
Antibody TRA1-81 1:200 Pluripot. Kit 9656 Cell Signaling Technology ICC
Anti-TUBB3 (tubulin beta 3 class III) 1:1000 801201 BioLegend ICC
Anti-ACTN/actinin 1:250 A7811 Sigma Aldrich ICC
Anti-AFP 1:250 sc-8108 Santa Cruz Biotechnology ICC
Anti-TBK1/NAK 1:1000 ab40676 Abcam WB
Anti-SQSTM1/p62 (pS403) 1:1000 GTX128171 GeneTex WB
Anti-LC3 1:500 4599 Cell Signaling Technology ICC, WB
Anti-ATG10 1:1000 ab124711 Abcam ICC
Anti-ACTB/ß-actin 1:250000 A 5316 Sigma Aldrich WB
Anti-Ubiquitin 1:500 ab134953 Abcam ICC
Anti-HDAC6 1:200 ab133493 Abcam ICC
Anti-CYCS/cytochrome c 1:1000 556432 BD Pharmingen ICC
PROTEOSTAT® Aggresome detection kit 1:1000 ENZ-51035–0025 Enzo ICC
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signal of each spot in the array. The values for 3 replicated spots
were used for quantification, after excluding the spots showing
artifacts (dust grains, crystals, damaged spot area). Local back-
ground was assessed for each spot and subtracted. The fluores-
cence intensity value was expressed as relative to the average value
of the corresponding analyte in the CTRL MNs.

qRT-PCR

RNA isolation from hiPSCs and MNs was performed using the
RNeasy Mini kit (Qiagen, 74104) as described by the manufac-
turer. First strand synthesis and quantitative real-time-PCR
amplification were performed in a one-step, single-tube format
using the QuantiFast™ SYBR Green RT-PCR kit (Qiagen, 208054)
according to the manufacturer’s instructions in a total volume of
20 µl. All the primers used for qRT-PCR were purchased (Qiagen
QuantiTect Primer Assays, Qiagen; validated primers without
sequence information). The following settings were used: 10min
at 55°C and 5min at 95°C, followed by 40 cycles of PCR for 5 s at
95°C for denaturation and 10 s at 60°C for annealing and elonga-
tion (one-step). The SYBR Green I reporter dye signal was mea-
sured against the internal passive reference dye (ROX) to
normalize non-PCR-related fluctuations. Resulting data were nor-
malized to HMBS or GAPDH expression levels. The Rotor-Gene
Q software (version 2.0.2) was used to calculate the cycle threshold
values. All experiments were performed in technical triplicate.

The RT2 Profiler™ PCR Array Human Autophagy (Qiagen,
PAHS-084Z) was performed following the instructions. Briefly,
after isolation with RNeasy Mini kit (Qiagen, 74104), RNA was
eluted in a total of 15 μL RNAse-free water (Qiagen, 129112).
Genomic DNA elimination and cDNA synthesis were per-
formed with 800 ng RNA using the RT2 First Strand Kit
(Qiagen, 330404) as described by the manufacturer.
Quantitative real-time PCR screening was performed using the
RT2 SYBR Green qPCR Mastermix (Qiagen, 330501) in
a volume of 20 μL for each reaction.

DNA sequence analysis

To identify the mutations in TBK1 gene carried by the newly
created hiPSC lines, genomic DNA was isolated using a DNeasy
kit (Qiagen, 69504) and sequencing was performed by Eurofins
Genomics (Germany). The sequences of mTBK1 cells were com-
pared to sequences obtained from CTRL DNA with the same
primers (Figure S1(a)). A list of the primer used is available in
Table S3.

Microscopy

Fluorescence images were acquired with an upright Axioscope 2
microscope (Carl Zeiss, Jena, Germany) equipped with a Zeiss
CCD camera (16 bits; 1280 ppi × 1024 ppi) and either a 20x air
or a 63x oil immersion objective using Axiovision software.

Confocal images were acquired with a DMi8 laser-scanning
microscope (Leica Microsystems, Wetzlar, Germany)
equipped with an ACS APO 20x or 63 x oil DIC immersion
objective. Images were acquired with a resolution of
1024 × 1024 pixels and a number of Z-stacks (step size of
0.2 μm) enough to span the complete cell soma.

For screening of the nuclear receptor ligands library, images
were acquired with an ImageXpress Micro Confocal (Molecular
Devices, San Jose, CA, USA) automatic microscope.

Transmission electron microscopy (TEM)

To perform TEM analysis, samples were fixed by high-pressure
freezing [73]. Briefly, MNs were cultivated onto sapphire discs
(Engineering Office M. Wohlwend, Sankt Gallen, Switzerland)
and at the indicated time point of cultivation, the sapphire discs
were removed from the plates and dipped once in 95% 1-hexade-
cene (MerckMillipore, 822064). Two sapphire discs oriented face-
to-face and separated by a gold ring (Plano, G2620A; 3.05mm
diameter) were mounted into a holder (Engineering
Office M. Wohlwend, Sankt Gallen, Switzerland) and placed into
aWohlwendHPFCompact 01 high-pressure freezer (Engineering
Office M. Wohlwend, Sankt Gallen, Switzerland). The samples
were frozen with liquid nitrogen at a pressure of 2100 bar. After
high-pressure freezing, the sapphire discs were separately incu-
bated in 1.5mL precooled (−87°C) sample tubes filled with 1 mL
freeze substitution solution: 0.2% osmium tetroxide (Sigma-
Aldrich, 20816120), 0.1% uranyl acetate (Merck Millipore, 8473),
5% dH2O in acetone (Sigma-Aldrich, 32201). After the tube had
been warmed up to 0°C the samples were washed 3 times with
1 mL 100% acetone and transferred into a clean tube containing
0.25 mL 100% epoxy resin (Honeywell Fluka, 45345-1L-F) and
incubated for 24 h at 60°C to polymerize. The samples were stored
at RT after polymerization. For specimen preparation, 70- to 100-
nm-thick sections were cut off from the epoxy resin block parallel
to the plane of the sapphire disc with an Ultracut UCT ultrami-
crotome (Leica, Wetzlar, Germnay) equipped with a diamond
knife (Science Services, Munich, Germany). After mounting the
slice onto a 300-mesh copper grid (Plano, G2300C-M), sections
were stained with 0.3% lead citrate (Agar Scientific, AGR1210) for
1 min, washed with dH2O and dried at RT. The samples were
examined with a Jeol JEM 1400 (Jeol, Tokyo, Japan) transmission
electron microscope at 100 kV. Images were randomly recorded
with an exposure time of 14,000 milliseconds and saved with
a resolution of 4 megapixels (2.048 × 2.048). Images were then
manually analyzed using ImageJ program. Since chemical differ-
entiation of MNs from hiPSCs leads to impure cultures, we ana-
lyzed only cells in which we could identify protrusions extending
from the soma, which resembled dendrites or axons. Aggresomes
were identified as large, non-perfectly round shaped and mem-
brane-bound structures enclosing in their lumen membrane and
organelle residuals, as well as electron-dense material. We consid-
ered aggresomes only those structures with a minimum size of
0.250 μm2. The size of every aggresomes was then measured
manually and plotted in ratio to the portion of cytosol visible in
the picture (excluding the nucleus).

Autophagic structures were identified following recent cri-
teria [35,36,48]: AVs were identified as round-shaped vesicles
(size range from 0.1 to 1 μm2), showing either electron-dense or
empty lumen. The vesicles matching these criteria presenting
a double membrane were scored as early AVs (resembling
autophagosomes), while those presenting a single membrane
were scored as late AVs (resembling autolysosomes). AVs were
manually counted and plotted as number of structures per cell.
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Phagophores were identified as double-membrane, open
structures with a minimum length of 0.1 μm.

Data and statistical analysis

Analysis of fluoresce- and transmission electron microscopy
was performed by a researcher (AC) unaware of experimental
conditions (genotype and treatment).

Fluorescence and TEM images were analyzed using the
ImageJ software. Data collection and statistical analysis was
performed using Microsoft Excel, GraphPad Prism (Version 7)
and RStudio software. All experiments were performed in
a minimum of N = 3 independent replicates (independent dif-
ferentiations) if not differently stated in the figure legends.

Statistical analysis was performed as follow: nonparametric
Mann-Whitney test was used to compare 2 independent
groups; One-Way ANOVA followed by the Sidak’s correction
for multiple comparisons was used to evaluate differences
among multiple groups; two-way ANOVA followed by the
Holm-Sidak’s correction for multiple comparisons was used
to analyze the effect of different treatments among different
groups. Statistical significance was set at p < 0.05.

To analyze data obtained from the Array Human
Autophagy, raw Ct-Values quantile normalization and differ-
ential expression analysis between samples was performed
using the High throughput qPCR Bioconductor package
[74]. Significantly differentially expressed genes were identi-
fied using a limma (linear models and differential expression
for microarray data [75];) wrapper within HTqPCR.

Because every hiPSC line is derived from a different indi-
vidual, they were considered as biological replicates.
Therefore, all the independent technical replicates of indivi-
dual experiments are depicting variances within a single indi-
vidual, which are then compared to all the other cell lines. For
this reason, we decided to display the data as mean ± S.E.M.

Moreover, to improve the readability and the comprehen-
sion of some figures we graphically displayed only the statis-
tical comparison (and associated significances) between
healthy (CTRL lines) and ALS (mTBK1 lines) genotypes.
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